The impurities in pure uranium compounds and in nuclear-grade uranium products are often quantitatively determined using such spectroscopic techniques as ICP-AES, ICP-MS, or emmission spectrometry after removing a great amount of uranium in the sample. 1, 2 In developing countries, like Vietnam, due to lack of investment for very modern instruments, atomic absorption spectrometry (AAS) is frequently employed for the quantitative determination of several elements in various kinds of samples.
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Several impurities could poison uranium fuel due to the large neutron-capture cross section. 3 These consist of boron, thorium, rare earth elements (Gd, Dy, Sm,···), cadmium, etc. Humphrey et al. 4 could directly determine small amounts of Mg in uranium solution on AAS after adding the standard Mg into the sample. Graff and Mullin 5 analyzed several metallic impurities in uranium samples by the direct aspiration of 2% or 10% of a uranium sample solution into a high-temperature burner head of an AAS. Jursik et al. 6 studied ways to determine impurities in uranium compounds after decreasing the uranium concentration in the sample. However, a direct determination of impurities in a uranium solution is always faced with difficulties: (i) uranium at more than 1 mg/ml absorbs radiation at the wavelengths used for analyzing most of the elements; (ii) as the uranium concentration increases, the density and viscosity of the sample solution increase, which causes a decrease in the aspiration rate; (iii) uranium supresses the absorption of several elements; and (iv) the direct aspiration of uranium solutions causes radioactive contamination problems.
In order to overcome these disadvantages, and to increase the sensitivity and selectivity of AAS, the preconcentration of all impurities and the decrease of the uranium concentration were the only solutions. Ionexchange 7, 8 and solvent-extraction techniques using esterextractants 9,10 are mainly used. Tributylphosphate (TBP) 11 is the most preferable extractant due to special chemical properties, such as stability in high concentrations of HNO3 and the selective extraction of uranium from a highly acidic medium with a high extraction coefficient.
Walker and Vita 12 determined the metallic impurities, such as aluminum, chromium, cobalt, copper, lead and nickel in uranyl nitrate using AAS after separating the uranium. A small amount of cadmium in uranium and in thorium compounds could be determined on a fluorimeter after preconcentration with dithizone. 13 After nickel, copper and iron impurities from uranium metal and from uranium oxide samples were extracted with bathophenanthroline, 14 they were determined by using AAS. Moseeva et al. 15 introduced a procedure for analyzing of some rare elements, such as zirconium, niobium, tantalum and tungsten in a pure uranium solution after separating them from the uranium background.
In this study, several elements (Mo, V, Fe, Mn, Cd, Zn) as impurities of pure uranium compounds, which had been produced on a small scale at the Institute for Technology of Radioactive and Rare Elements of the Vietnam Atomic Energy Commission, were quantitatively determined using AAS. These impurities were preconcentrated by solvent extraction using TBP as an effective extractant for removing a great amount of uranium. The proposed procedure was suggested to be applicable in the analytical laboratories to control the quality of pure uranium products in Vietnam.
Several elements (V, Mo, Fe, Mn, Cd, Zn) as metallic impurities in pure uranium compounds were quantitatively determined by atomic absorption spectrometry. The effects of uranium and that of other factors on the absorption intensity of each element were studied. The analyzed samples were dissolved in 6 M nitric acid, and uranium was selectively extracted with tributylphosphate. The aqueous solution containing impurities was then evaporated and the obtained moist residues were dissolved in dilute hydrochloride acid or nitric acid. The sample solution was measured with a flame atomic absorption spectrometer under the optimum conditions, such as the maximum wavelength, suitable ratio of acetylene-air or acetylene-nitrogen oxide mixture, and some other parameters of the instrument. The analytical procedure was applied in laboratories belonging to Vietnam Atomic Energy Commission for the determination of these above-mentioned elements in synthesized uranium samples and in purified uranium oxide samples with high precision and accuracy. 
Experimental

Reagents and chemicals
All of the chemicals used for this study were of reagent grade. The water used in this study was doubly distilled. The organic solvent (CCl4) was washed with water several times before use. Standard stock solutions (1000 µg/ml) of Mo, V, Fe, Mn, Cd, and Zn were prepared from their nitrate or chloride salts. A pure uranium solution was prepared by dissolving a certain amount of chemical-grade uranyl nitrate crystals, and was further purified by solvent extraction with TBP as an extractant. The uranium concentration was determined by a redox titration against a standard K2Cr2O7 solution. 16 
Sample preparation
The studied metal ion was added into a uranium solution (as a background) with known concentration. Then, a certain amount of HNO3 (d = 1.42) was added to obtain the final mixture with 6 M HNO3. 16 Five to ten grams of pure uranium oxide sample (or an equal amount of other uranium compounds) were added to a beaker. The sample was made wet and was then dissolved in 10 ml of HNO3. The solution was evaporated until the moist mass remained. It was then dissolved in 50 ml of 6 M HNO3.
Separation of uranium from a sample solution
TBP, 17 which was diluted in CCl4 with the ratio 2:3 (TBP:CCl4), 15 was used as an effective extractant for removing uranium from the sample solution. The extraction was repeated two or more times, depending on the requirement for the study. The ratio between the aqueous and organic phases was 1:1. The shaking time was 5 min. The solution was then left standing for 15 min. All of the extracted organic phases were collected and washed with a small amount of 6 M HNO3. The aqueous solutions were then collected and evaporated until a moist mass remained. The residue was dissolved in 5 ml of dilute HNO3, and the volume was made up to 25 ml. When determining Mo and V, it was necessary to add a certain amount of AlCl3 and NH4Cl before filling the final volume to prevent any interference of the small amount uranium remaining in the sample solution, and of other elements present.
Analysis of metallic impurities on AAS
The record of the absorption intensity of each element in the treated sample is taken at a suitable wavelength and under the optimum conditions of AAS Alpha-4 (see Table 1 ). Based on the calibration plot, the content of each metallic impurity can be calculated.
Results and Discussion
Effect of uranium on the direct determination of metallic impurities
A measurement of absorption intensity of each studied element was done in a mixture with purified uranium solution at a certain concentration. When the uranium concentration was increased, it could cause interference, as shown in Fig. 1 . Figure 1 shows that the absorption intensity of manganese was not interfered by increasing uranium concentration. Those of other elements were influenced either at a low uranium concentration (Mo, V) or at a higher range (20 mg/ml U) as iron and cadmium. (Cd, Zn). It is thus necessary to decrease the uranium concentration in the sample solution as much as possible.
Elimination of uranium interference by adding AlCl3
According to a reference 18 potassium ion should be added to the sample solution in the case of detemining of molybdenum and vanadium. However, in the presence of a small amount of uranium the absorption intensities of Mo and V were increased, as can be seen from Fig. 1 , though this increase was not propotional to the uranium concentration. In order to eliminate the interference of uranium, a certain amount of AlCl3 was added. Figure 2 gives an example of the influence of uranium on the absorption intensity of vanadium in the absence and presence of AlCl3. By adding of 2 mg/ml Al to the sample solution, the increase in the uranium concentration did not interfere with the absorption intensities of vanadium and molybdenum. The determination of these elements therefore became possible even when a small amount of uranium was present in the sample solution.
Extraction of uranium
In a highly acidic medium (6 M HNO3) divalent metal ions were almost not extracted with TBP, 19 while uranium was selectively extracted in the organic phase as a neutral complex, UO2(NO3)2·2TBP. The effect of uranium, which was left in the aqueous solution after a single stage of extraction with TBP, on these impurity elements could be proved by recording the absorption intensity of each element. The results given in Fig. 3 show the dependence of the absorption intensity on the extraction stage.
From this figure, it can be concluded that molybdenum and vanadium, existing as anions in the sample solution, were not extracted into the organic phase. The divalent metal ions remained entirely in the aqueous solution after the second extraction stage, while the uranium concentration decreased. The remaining amount of uranium did not interfere with the absorption intensity of these divalent elements. From this conclusion, during the treatment of uranium samples for a metallic impurities determination, the extraction was repeated twice during the entire procedure.
Dependence of the absorption intensity on the concentration of metal ion
A measurement of the absorption intensity of each element was taken under the optimum conditions with an increase in the metal-ion concentration. A curve was plotted which describes the relationship between the absorption intensity of an element and its concentration. The linear section of the curve is the calibration for detemining that element under identical conditions. Figures 4a and 4b depict the calibration of the studied elements. All calibration curves in this figure show that the linear section of each element could meet the requirement of the demand to quantitatively determine trace amounts of metallic impurities in pure uranium compounds.
Determination of metallic impurities in a synthesized uranium sample
The composition of a synthesized uranium sample based on a certified reference material noted in a Standard ASTM C761 is given in Table 2 .
After removing a large amount of uranium from the sample solution by extraction with TBP, the absorption intensity of each studied element was recorded on AAS Alpha-4. According to the calibration plots, the concentration of each element was calculated. The experiment was repeated at least five times, and the final result was the average value. An analysis of the synthesized sample is given in Table 3 .
The results in Table 3 show that the contents of the metallic impurities were rather low, but also the absolute error (based on the added and found amounts) was still small. It could thus be accepted for applying atomic absorption spectrometry in analytical laboratories to conduct analysis of the impurities in pure uranium samples.
Quantitative determination of metallic impurities in pure uranyl nitrate and uranium oxide sample
Pure UO2 (or U3O8) powder samples were treated as described in the experimental section. The measurement of the absorption 1265 ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 intensity of each element was made under the optimum conditions (as noted in Table 1 ) on the AAS Alpha-4. The samples were at least three-times analyzed in parallel, and the final result was the average value of these experiments. Table 4 gives the result of an analysis of metallic impurities in a pure uranium oxide sample which was produced at the Institute for Technology of Radioactive and Rare Elements belonging to Vietnam Atomic Energy Commission (VAEC). The treated data of the impurities content showed that the standard deviation of each parrallel series of determinations was reasonable. The content of the metallic impurities of a pure uranium sample agreed with those in the possible range of the standard ASTM which is stipulated for a nuclear-grade uranium product. It can thus be concluded that the proposed procedure can be applied at the analytical laboratories of VAEC to control the quality of pure uranium products in Vietnam.
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